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stem cells have been variously identified among re-
search. Then, based on a fact that Musashi-1 and Hes 
1, neural stem cell markers, are expressed in the small 
intestinal epithelium, we found a possibility that these 
proteins can be markers of stem cells in the small in-
testinal epithelium.
In this article, the authors would like to comment on 
previous research involved in identification of stem 
cells in the small intestinal epithelium, including over-
views of these markers, and describe the directions of 
researches in future.
Small intestinal stem cells reside at the crypt base
The small intestine is an organ where ingested foods 
are digested and absorbed. This means that this organ 
always contacts with the external environments, being 
INTRODUCTION
The small intestine is morphologically character-
ized：villous cells are supplied from stem cells at the 
crypt base. Namely, undifferentiated to differentiated 
villous cells are lined in sequence on the villus, indicat-
ing that the small intestinal epithelium could be one of 
candidate organs suitable for stem cell research. How-
ever, the mechanism hasn’t been elucidated yet, since 
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SUMMARY
In the small intestine, stem cells are considered to exist at the bottom of the crypt. Actively proliferating 
transitional cells supplied from stem cells are differentiated into two directions upward and downward. Up-
ward cells are differentiated into absorbing epithelial cells, goblet cells, and endocrine cells, and downward 
cells differentiated into Paneth cells. However there are some difficulties to identify the stem cells because 
of their unique characteristics. At first, stem cells occur as actual stem cells and potential stem cells, and 
second, there is diversity in stem cells. Therefore, molecules suitable for a marker of small intestinal stem 
cells are necessary to distinguish “true” stem cells from others. Energetically searched for in recent years, 
Musashi-1, type 1A bone morphogenetic protein receptor （BMPR-1A）, phospho-phosphatase and tensin 
homolog deleted on chromosome ten （phospho-PTEN）, doublecortin and calmodulin kinase-like-1 （DCAM-
KL1）, ephrin receptors （Eph receptors）, integrins, and leucine-rich repeat-containing G protein-coupled re-
ceptor 5 （Lgr5） are proposed. Among them, Musashi-1 draws attention as one of a candidate marker for 
small intestinal stem cells. We here introduce our reviews about expression of Musashi-1 and Hes1 proteins 
in the small intestine, and would like to overview the way to identify the small intestinal stem cells.
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（CBC） cells （Fig. 1） 1, 5〜9）.
Meanwhile, how could small intestinal stem cells be 
recognized to be present at the crypt base? For one of 
the reasons, a fact can be cited that there are more ac-
tively dividing cells at the crypt base than at the vil-
lus. This has long been estimated that cells in the 
crypt are divided and migrate toward the villus 2）. In 
addition, a pulse-chasing method following up DNA 
precursors labeled with  14C-adenine or  3H-thymidine 
with time was able to detect how labeled cells in the 
crypt migrate to the villus 3,4）. On the other hand, CBC 
cells located at the crypt base are known to embrace 
phagozomes which phagocytized dead Paneth cells, 
and the phagozomes can be observed by labeling 
with  3H-thymidine. These labeled phgozomes can be 
detected even in absorbing epithelial cells, endocrine 
cells, goblet cells, and Paneth cells with time 1）. This 
means that the four cell lines differentiating upward 
and downward are supplied from CBC cells located at 
the crypt base. These facts definitely suggest that 
multipotential cells reside at the crypt base. In this 
connection, in some studies, the migration speed of 
cells from the crypt to villus was calculated to esti-
mate the originating point of migration, advocating 
that 4th to 5th cells from the crypt bottom could be 
stem cells 10,11）.
There is a hypothesis that old DNA templates selec-
tively move to stem cells while cells are dividing, as a 
means for stem cells to circumvent DNA mutation 
during replication 12, 13）. According to this hypothesis, 
thymidine and BrdU incorporated into chromosomes 
during DNA replication are diluted at every cell divi-
sion. However, cells continuously carrying such labels 
represent those selectively preserving once replicated 
DNA, in other words, stem cells. Cells procured by this 
method are called label-retaining cells （LRC）, being 
used as a marker of stem cells. Mouse small intestinal 
LRC, pulse-labeled as above, is located at 4th to 5th 
cells from the crypt bottom, i.e., immediately above 
Paneth cells 14）. The location coincides with that men-
tioned above, and those cells are considered to be a 
strong candidate as small intestinal stem cells. On an-
other front, however, homologous recombination of 
DNA frequently occurs during DNA replication for 
cell division to equally deliver the replicated DNA, and 
thus, this hypothesis is often questionable. Further-
exposed to hazards. Therefore, intestinal cells are very 
rapidly turned over, being momentarily replaced by 
new generations of cells. In addition, the small intestine 
is also known as an organ whose regeneration is ex-
tremely rapid when damaged. The small intestinal epi-
thelium is continuously renewed at intervals of 2 to 7 
days by perpetually producing new cells 1〜7）. This pro-
duction of new cells is achieved by stem cells.
Although there are various opinions explaining cel-
lular regeneration and renewal in the small intestinal 
epithelium, the following is an almost consolidated ex-
planation：actively proliferating transitional cells sup-
plied from stem cells at the crypt base are differentiat-
ed into two directions upward and downward. Upward 
cells are differentiated into absorbing epithelial cells, 
goblet cells, and endocrine cells while upward moving 
on a villus. When reaching the villous end, cells induce 
apoptosis to deciduation into the intestinal lumen. On 
the other hand, downward moving cells differentiated 
into Paneth cells at the crypt base are likely to die and 
be phagocytized by adjacent crypt base columnar 
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Fig. 1　Structure of small intestinal epithelium
Actively proliferating transitional cells supplied from stem 
cells at the crypt base are differentiated into two 
directions upward and downward. Upward cells are 
differentiated into absorbing epithelial cells, goblet cells, 
and endocrine cells while upward moving on a villus. On 
the other hand, downward moving cells differentiated into 
Paneth cells.
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pending on surrounding microenvironments able to 
maintain the stem cells.
There is diversity in stem cells which constitute a crypt
The small intestine is constituted in the postnatal 
development stage. In neonatal mice, villus already ex-
ists but crypt does not. Around postnatal day 7, de-
pression occurs among villi, where crypt starts to be 
formed. Simultaneously Paneth cells also sporadically 
appear at the crypt base. Around postnatal day 21, the 
crypt is completed, appearing as morphologically same 
as that in adult animals. In analyses using chimeric 
mice, stem cells were shown to be polyclonal when the 
crypt started to be formed, but turned monoclonal 
when the crypt is completed 18）.
On the other hand, whether stem cells existing in a 
single crypt are characterized by a single nature is 
questionable. In pursuit of differentiation of stem cells 
in a small intestinal cell linage which randomly mutate, 
it was found that there are two differentiation path-
ways of stem cells：one into short-lived progenitor 
cells which can be differentiated into either of colum-
nar epithelium and mucus-producing cells and another 
into long-lived progenitor cells whose differentiation is 
directed to one of those cells. The short-lived progeni-
tor cells can differentiate into progenitor cells of co-
lumnar epithelium and mucus-producing cells in unit 
of day, but the long-lived progenitor cells persistently 
stay at the crypt base in unit of month, supplying pro-
genitor cells through asymmetric division 19）. This is an 
example that there is diversity even in genealogy of 
stem cells.
Musashi-1 is one of a candidate marker best suitable 
for small intestinal stem cells
Molecules suitable for a marker of small intestinal 
stem cells have been energetically searched for in re-
cent years, and Musashi-1, BMPR1alpha, phospho-
PTEN, DCAMKL1, Eph receptors, integrins and Lgr5 
are proposed 20）. Among them, Musashi-1 which is a 
marker of neural stem cells draws attention as one of 
a candidate marker for small intestinal stem cells 21,22）. 
We here introduce our reviews about expression of 
Musashi-1 and Hes 1 proteins in the small intestine 
and their roles.
Musashi-1 was originally isolated and identified as a 
more, LRC is observed only when the cells are labeled 
after the small intestine is exposed to radiation, and 
therefore, it is also considered that actual stem cells 
may be already at the stage of apoptosis under this 
condition, as mentioned below, indicating that the la-
beled cells are not actual stem cells but potential stem 
cells.
Stem cells occur as actual stem cells and potential stem 
cells
In general, stem cells refer to a group of cells which 
are capable of both self-replication and differentiation 
into various types of functional cells. In addition, stem 
cells are considered to be most predisposed to apopto-
sis, so as not to inherit DNA damages. In the small in-
testine, there exist cells which can displace the dam-
aged stem cells. However, whether or not such cells 
should be included in a category of stem cells has 
made it ambiguous how to define small intestinal stem 
cells, giving rise to the confusion. Then, Potten et 
al.14,15） proposed a concept that tissue stem cells are di-
vided into two categories：actual stem cells assuming 
constitutive maintenance of the constant tissues and 
potential stem cells which can be replaced when they 
are damaged.
Some reported a study in which the number of actu-
al stem cells and potential stem cells were estimated 
by measuring surviving or regenerating cells under 
changed radiation doses 15, 16）. Actual stem cells are con-
sidered to be easily killed at a low radiation dose, and 
these 4 to 6 actual stem cells exist in a crypt. This 
number can just supply about 250 cells present in a 
crypt through 6 generations 15, 17）. Although a low dose 
of radiation decreases the number of actual stem cells, 
cell cycle is transiently accelerated in a region where 
potential stem cells are present, seemingly soon restor-
ing the decreased number of actual stem cells. This al-
lows a hypothesis that the number of actual stem cells 
is strictly regulated 15,17）. In contrast, 30 to 40 potential 
stem cells exist in a crypt, which are resistant to in-
creased doses of radiation, allowing regeneration of 
crypt through monoclonal proliferation 15）.
By the way, what is a difference between actual 
stem cells and potential stem cells? It is not known 
yet, whether actual stem cells bear their inherent 
properties or they passively acquire the properties de-
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Numb, a Notch signal-suppressing molecule, results in 
promotion of Hes 1 transcription 32）.
The small intestine from adult ICR mice was immu-
nohistologically stained using anti-Musashi-1, Hes 1, 
and Ki-67 antibodies. Consequently, Musahi-1 was lo-
cally detected at the crypt base, but interestingly, also 
found to be strongly expressed immediately above 
Paneth cells where stem cells are concentrated as well 
as in CBC cells among Paneth cells. Hes 1 was similar-
ly detected to be expressed immediately above Paneth 
cells and in CBC cells, but widely stained from the top 
of Paneth cells to the center of crypt, in contrast to 
Musashi-1. These Musashi-1 or Hes 1-positive cells 
were more strongly stained as compared to Ki-67-pos-
itive cells, indicating that they are proliferative cells. 
On the other hand, neither Musashi-1 nor Hes 1 was 
found to be expressed in absorbing epithelial cells, 
Paneth cells, and goblet cells （Fig. 2）21）.
Expression of Musashi-1 and Hes 1 was similarly 
studied in the postnatal development stage. On postna-
tal day 1 when the crypt was not yet formed, 
protein expressed by a gene causative of mutant dros-
ophila bearing anomalous external sensory organs 23）. 
This protein molecule is abundantly expressed even in 
stem cells of mammal NCS 24）, which has been reported 
to be involved in development of neurons and glias 25）. 
Musashi-1, a protein binding to RNA at two sites, is 
considered to repress expression of a protein at trans-
lation level by binding to its mRNA 26）. On the other 
hand, Hes 1 is known as a basic helix-loop helix type 
repressive transcription factor, which plays a role as 
downstream effector in Notch signaling. Hes 1 is relat-
ed to repression of neural differentiation in the CNS 27）, 
which is considered to inhibit Math, Mash, and Neuro-
genin that are transcription factors to promote differ-
entiation 28）. In the enteric canal of Hes 1-knockout 
mice, differentiation into endocrine cells, goblet cells 
and Paneth cells are facilitated 29, 30）, and inversely in 
Math 1-knockout mice, differentiation into endocrine 
cells, goblet cells, and Paneth cells are suppressed 31）.
As for relationship between Musashi-1 and Hes 1, a 
working hypothesis is proposed that suppression of 
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Fig. 2　 Immunohistochemical analysis of Msi-1, Hes1, and Ki-67 in adult mouse small intestine. A few 
crypt cells just above the Paneth cells （arrowhead） and the crypt base columnar cells between 
the Paneth cells （arrow） were stained with Msi-1 antibody. Hes1 was predominantly 
expressed in mid to lower crypt cell nuclei and immunoreactivity gradually increased toward 
the crypt base. Crypt base columnar cells were also stained with Hes1 and Ki-67antibody 
（arrow）. （Cited from Kayahara T et al, 2003 20）） 
Localization of Small Intestinal Stem Cells
Acknowlegements.　The authors thank Dr. T. Chiba 
（Department of Gastroenterology and Hepatology, 
Graduate School of Medicine, Kyoto University, Kyoto, 
Japan） for fruitful discussions. We also thank our col-
leagues and staff members, Dr. A. Sekikawa, Dr. K 
Ichikawa, Dr. S. Tomita, Dr. H. Fukui, Dr. J. Imura, Dr. 
H. Sato, Dr. H. Yamagishi, Dr. T. Kimura, Dr. H. Tana-
ka, Dr. H. Ogata, Ms. C. Matsuyama, Ms. A. Shimizu, 
Ms. T. Ono, Ms. M. Katayama, Ms. N. Nagashima, Ms. 
A. Kikuchi （Department of Pathology） and Dr. K. Aki-
yama, Ms. S. Miyahara, Ms. M. Ishikawa （Department 
of Biological Psychiatry and Neuroscience） for expert 
advice and technical assistance.
The contests are compiled from the original articles 
which have been already published in Molecular Gas-
trointestinal Medicine.
REFERENCES
 1） Cheng H, Leblond CP：Origin, differentiation and re-
newal of the four main epithelial cell types in the 
mouse small intestine. Ame J Anat 141：461-562, 
1974.
 2） Leblond CP, Stevens CE：The constant renewal of 
the intestinal epithelium in the albino rat. Anat Rec 
150：357-371, 1948.
 3） Leblond CP, Messier B：Renewal of chief cells and 
goblet cells in the small intestine as shown by radio-
autography after injection of 3H-thymidine into mice. 
Anat Rec 132：247-259, 1958.
 4） Quastler H, Sherman FG：Cell population kinetics in 
the intestinal epithelium of the mouse. Exp Cell Res 
17：420-438, 1959.
 5） Brittan M, Wright NA：Gastrointestinal stem cells. J 
Pathol 197：492-502, 2002.
 6） Yen TH, Wright NA：The gastrointestinal tract stem 
cell niche. Stem Cell Rev 2：203-212, 2006.
 7） Fellous TG, McDonald SA, Burkert J, et al：A Meth-
odological Approach to Tracing Cell Lineage in Hu-
man Epithelial Tissues. Stem Cells 27：1410-1420, 
2009.
 8） Ishizuya-Oka A, Hasebe T：Sonic hedgehog and 
bone morphogenetic protein-4 signaling pathway in-
volved in epithelial cell renewal along the radial axis 
of the intestine. Digestion 77 Suppl 1：42-47, 2008.
 9） Ishizuya-Oka A, Hasebe T, Buchholz DR, et al：Ori-
gin of the adult intestinal stem cells induced by thy-
Musashi-1 and Hes 1 were detected to be expressed 
in intervillous regions. On postnatal day 7, Musashi-1 
and Hes 1 were both found to be expressed in the 
whole crypt, excluding Paneth cells. Furthermore, on 
postnatal day 14, 21, and so on, they were found to be 
localized as in adult animals 21）. 
In summary, Hes 1 was found to be positive widely 
in relatively undifferentiated cells at the villous origin 
and in CBC cells, but in contrast, Musashi-1 was 
stained only in CBC cells and cells immediately above 
Paneth cells, which were strongly positive for Ki-67 
with potent proliferation. Namely, Musashi-1-positive 
cells were suggested to more specifically indicate stem 
cells. Furthermore, the number of Hes 1-positive cells 
definitely outweighed that of Musashi-1-positive cells, 
and therefore, it is not always correct to simply say 
that Hes 1 is present downstream Musash-1. On the 
other hand, Musashi-1 was strongly stained in conven-
tional stem cells immediately above Paneth cells as 
well as in CBC cells, strongly suggesting that not only 
cells immediately above Paneth cells but also CBC cells 
constitute a part of stem cells. It has long been consid-
ered that CBC cells are not actual stem cells but pro-
genitor cells specific for Paneth cells. Nonetheless, ex-
tremely long lifecycle of Paneth cells seems to be 
contradictory to potent proliferation of CBC cells, and 
as initially mentioned, it would be reasonable to con-
sider that CBC cells are stem cells potential to be up-
ward differentiated.
Epilogue：medical application of small intestinal stem 
cells
There are study reports on purification and isolation 
of stem cells from organs other than the small intes-
tine, and a cell group with plasticity as well as ability 
of spontaneous proliferation was identified from the 
liver by a flow cytometry technique using surface 
marker 33）. However, most of stem cells isolated from 
the small intestine induced apoptosis while being iso-
lated. Such experimental experiences suggest that mi-
croenvironments should be adjusted to maintain stem 
cells as they are. In future, it is considered necessary 
to elucidate and reconstitute microenvironments to 
maintain viable stem cells in order to utilize stem cells 
for regeneration medicine/therapy.
37（1） （2010） 45
Katsumasa Suzuki
er；musashi-1. Differentiation 71：28-41, 2003.
 23） Nakamura M, Okano H, Blendy JA, et al：Musashi, a 
neural RNA-binding protein required for Drosophila 
adult external sensory organ development. Neuron 
13：67-81, 1994.
 24） Sakakibara S, Imai T Hamaguchi K, et al：Mouse 
Musashi-1, a neural RNA binding protein highly en-
riched in the mammalian CNS stem cell. Div Biol 
176：230-242, 1996.
 25） Sakakibara S, Okano H：Expression of neural RNA-
binding proteins in the postnatal CNS：implications of 
their roles in neuronal and glial cell development. J 
Neurosci 17：8300-8312, 1997.
 26） Okabe M, Imai T, Kurusu M, et al：Translational re-
pression determines a neuronal potential in Drosophi-
la asymmetric cell division. Nature 411：94-98, 2001.
 27） Ishibashi M, Moriyoshi K, Sasai Y, et al：Persistent 
expression of helix-loop-helix factor Hes-1 prevents 
mammalian neural differentiation in the central ner-
vous system. EMBO J 13：1799-1805, 1994.
 28） Ohtsuka T, Asahi M, Matsuura N, et al：Regulated 
expression of neurogenic basic helix-loop-helix tran-
scription factors during differentiation of the immor-
talized neuronal progenitor cell line HC2S2 into neu-
rons. Cell Tissue Res 293：23-29, 1998.
 29） Jensen J, Pedersen EE, Galante P, et al：Control of 
endodermal endocrine development by Hes-1. Nat 
Genet 24：36-44, 2000.
 30） Suzuki K, Fukui H, Kayahara T, et al：Hes1-deficient 
mice show precocious differentiation of Paneth cells in 
the small intestine. Biochem Biophys Res Commun 
328：348–352, 2005.
 31） Yang Q, Birmingham NA, Feingold MJ, et al：Re-
quirement of Math1 for secretory cell lineage commit-
ment in the mouse intestine. Science 294：2155-2158, 
2001.
 32） Imai T, Tokunaga A, Yoshida T, et al：The neural 
RNA-binding protein Musashi1 translationally regu-
lates mammalian numb gene expression by interact-
ing with its mRNA. Mol Cell Biol 21：3888-3900, 2001.
 33） Suzuki A, Zheng Y, Kaneko S, et al：Clonal identifica-
tion and characterization of self-renewing pluripotent 
stem cells in the developing liver. J Cell Biol 156：
173-184, 2002.
roid hormone in Xenopus laevis. FASEB J 23：2568-
2575, 2009.
 10） Potten CS, Booth C, Pritchard DM：The intestinal ep-
ithelial stem cell：the mucosal governor. Int J Exp 
Path 78：219-243, 1997.
 11） Kaur P, Potten CS：Cell migration velocities in the 
crypts of the small intestine after cytotoxic insult are 
not dependent on mitotic activity. Cell Tissue Kinet 
19：601-610, 1986.
 12） Potten CS, Owen G, Booth D：Intestinal stem cells 
protect their genome by selective segregation of tem-
plate CNA strands. J Cell Science 115：2381-2388, 
2002.
 13） Potten CS：Keratinocyte stem cells, label-retaining 
cells and possible genome protection mechanisms. J 
Investig Dermatol Symp Proc 9：183-195, 2004.
 14） Potten CS, Ellis JR：Adult small intestinal stem 
cells：identification, location, characteristics, and clini-
cal applications. Ernst Schering Res Found Workshop. 
60：81-98, 2006.
 15） Marshman E, Booth C, Potten CS：The intestinal epi-
thelial stem cell. Bioassays 24：91-98, 2002.
 16） Roberts SA, Hendry JH, and Potten CS：Deduction of 
the clonogen content of intestinal crypts：a direct 
comparison of two-dose and multiple-dose methodolo-
gies. Radiat Res 141：303-308, 1994.
 17） Potten CS：Radiation, the ideal cytotoxic agent for 
studying the cell biology of tissues such as the small 
intestine. Radiat Res 161：123-136, 2004.
 18） Gorden JI, Schmidt GH, Roth KA：Studies of intesti-
nal stem cells using normal, chimeric and transgenic 
mice. FASEB J 6：3039-3050, 1992.
 19） Bjerknes M, Cheng H：Clonal analysis of mouse intes-
tinal epithelial progenitors. Gastroenterology 116：
7-14, 1999.
 20） Montgomery RK, Breault DT：Small intestinal stem 
cell markers. J Anat 213：52-58, 2008.
 21） Kayahara T, Sawada M, Takaishi S, et al：Candidate 
markers for stem and early progenitor cells , 
Musashi-1 and Hes1, are expressed in crypt base co-
lumnar cells of mouse small intestine. FEBS Lett 
535：131-135, 2003.
 22） Potten CS, Booth C, Tudor GL, et al：Identification of 
a putative intestinal stem cell and early lineage mark-
46 DJMS
